Abstract Although both earthquake mechanism and 3-D Earth structure contribute to the seismic wavefield, the latter is usually assumed to be layered in source studies, which may limit the quality of the source estimate. To overcome this limitation, we implement a method that takes advantage of a 3-D heterogeneous Earth model, recently developed for the Australasian region. We calculate centroid moment tensors (CMTs) for earthquakes in Papua New Guinea (PNG) and the Solomon Islands. Our method is based on a library of Green's functions for each source-station pair for selected Geoscience Australia and Global Seismic Network stations in the region, and distributed on a 3-D grid covering the seismicity down to 50 km depth. For the calculation of Green's functions, we utilize a spectral-element method for the solution of the seismic wave equation. Seismic moment tensors were calculated using least squares inversion, and the 3-D location of the centroid is found by grid search. Through several synthetic tests, we confirm a trade-off between the location and the correct input moment tensor components when using a 1-D Earth model to invert synthetics produced in a 3-D heterogeneous Earth. Our CMT catalogue for PNG in comparison to the global CMT shows a meaningful increase in the double-couple percentage (up to 70%). Another significant difference that we observe is in the mechanism of events with depth shallower then 15 km and M w < 6, which contributes to accurate tectonic interpretation of the region.
1. Introduction
Seismic Moment Tensor Inversion
The accurate estimation of earthquake source parameters and 3-D Earth structure is one of the main goals in seismology. The global centroid moment tensor (GCMT) algorithm [Dziewonski et al., 1981] has been routinely applied to seismic data for 35 years. The catalogue has been quite successful. Hjörleifsdóttir and Ekström [2010] studied the effect of 3-D Earth structure on the GCMT catalogue and found tens of kilometers difference in lateral location and depth. They also observed that the variations in moment tensor components depend on the 3-D structure. Improving our knowledge about the 3-D structure of the Earth results in a more accurate estimation of its impulse response or Green's function, which consequently results in a better estimation of the mechanism acting in the source region. Significant effort in recent decades has gone into improving and developing methods to calculate the wavefield propagation through the Earth. Advances in numerical wave propagation and the increasing computational resources now allow us to compute the complete wavefield through 3-D media with high accuracy [e.g., Komatitsch and Tromp, 1999; Fichtner et al., 2009a] .
Significant cost and time is required for the simulation of wave propagation through a 3-D heterogeneous medium, which makes it difficult to investigate the effect of 3-D heterogeneity in studies of the seismic source. Most source studies use a spherically symmetric Earth model to calculate Green's functions needed to estimate the independent elements of the moment tensor (MT) [Kikuchi and Kanamori, 1991; Zahradnik et al., 2005] . A search for the optimum 3-D point source location of the centroid usually follows. It has been shown that using stations at local distances, 1-D layered crustal structure can provide a reasonable fit to the data filtered at around 20-50 s and even down to 10 s under specific circumstances [Zahradnik et al., 2005; Adamová et al., 2009] . However, in an environment with significant lateral velocity variations, e.g., around an active volcano, the 1-D Earth model by definition ignores the lateral heterogeneity and therefore produces incomplete/erroneous Green's functions which will result in incorrect estimation of source parameters. Researchers have tried using several 1-D velocity models (a velocity HEJRANI ET AL.
CMT CATALOGUE USING 3-D EARTH STRUCTURE 5517 model per each source station) to partially account for lateral velocity variations [e.g., Dreger et al., 2000; Tkalčić et al., 2009] .
With significant advancements in computational power during the past decades, the numerical calculation of the wavefield through a 3-D anisotropic, heterogeneous medium has become feasible. There have been several studies addressing this issue and all have general consensus that the use of 3-D heterogeneous Earth models improves source parameter retrieval [e.g., Gallovič et al., 2010; Fichtner and Tkalčić, 2010; Kim et al., 2011; Hingee et al., 2012; Kühn and Vavryčuk, 2013] .
Assuming that the location of the earthquake is known, the number of simulations required to perform an MT inversion is proportional to the number of the events. However, in the CMT approach [Dziewonski et al., 1981] , the centroid location and time are searched simultaneously with the six independent components of the MT. A common way is to perform a grid search on a predefined grid around the source region Sokos et al., 2012] . Considering the size of our study area, this would require a large and impractical calculation of Green's functions. Considering this time and cost, we use the reciprocity theorem to calculate the Green's functions.
The source-receiver reciprocity has been well known and used in exploration seismology [e.g., Claerbout, 1976; Chapman, 1994; Červený, 2001] , remote sensing [de Hoop and de Hoop, 2000] , and waveform modeling [Bouchon, 1976; Graves and Clayton, 1992; Graves and Wald, 2001] . Recently, the application of reciprocity to source studies attracted much attention, mainly on local and regional scales, i.e., for source-receiver distances less than 1000 km [Okamoto, 2002; Süss and Shaw, 2003; Lee et al., 2011; Zhu and Zhou, 2016] . In this study, the reciprocity theorem has been used to reduce the number of calculations to an extent where the wavefield on tens of thousands of grid points can be calculated in a significantly shorter time frame.
Eisner and Clayton [2001, 2005] used a finite difference method to calculate reciprocal Green's functions to build 300 source scenarios for five major Southern California faults in the 3-D heterogeneous crustal model of Magistrale et al. [2000] . Liu et al. [2004] used a spectral-element method to calculate strain Green's tensors for CMT inversion in a 3-D crustal model of Southern California [Süss and Shaw, 2003] . Lee et al. [2011] followed the same approach and developed an automated procedure to obtain CMT solutions. Zhu and Zhou [2016] applied the same method to calculate CMT solutions of the 2013 Lushan earthquake and its aftershocks. In all these publications a meaningful improvement in waveform fit has been observed. Hingee et al. [2012] initiated a preliminary study to adapt the CMT solution to continental scales using a 3-D heterogeneous velocity model of the Australasian region called AMSAN19 [Fichtner et al., 2009b; . However, they did not invert for the centroid location, depth, and time. We peruse this study further by using a spectral-element method to compute a library of Green's functions on a 3-D grid covering Papua New Guinea, the Bismarck Sea, and the Solomon Islands. We then use this library to calculate CMT solutions for earthquakes that occurred with M w > 5.0 from 2006 to 2016 in this region.
Tectonic Settings
The tectonic regime of the study area is complex ( Figure 1a ). This is where two of the Earth's major lithospheric plates interact: the Australian and the Pacific plates [e.g., Hill and Hall, 2003] .
The Australian continent is moving north-east and colliding with the Pacific plate at a rate of~110 mm per year [Johnson and Molnar, 1972; Davies et al., 1987] . The convergence creates one of the most seismically active regions on Earth, with earthquakes of magnitude up to 8.0. A number of smaller plates form a complicated tectonic setting which compensates the collision between the two major plates [Tregoning et al., 1998; Wallace et al., 2004] .
Such a complex and highly active tectonic environment acts as a seismological laboratory to investigate the effect of 3-D Earth heterogeneity on earthquake source parameters. We selected events with depth <50 km (quasi-crustal events) that occurred during 10 years (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) within the mentioned tectonic boundaries (Figure 1 ).
Methodology and Data Processing

Method
A seismic source generates waves that travel through the Earth and are recorded at seismic stations. Seismic waves carry information from the source and the Earth structure along their wave path. Separating the source effect from the structure effect, the displacement at location x due to an impulsive force at location x 0 can be defined as follows [Shearer, 1999] :
where U i is the displacement in theî direction (î is a unit vector), f j is a pulse force alongĵ, G ij is the elastodynamic Green's function from x 0 to x, and * represents the convolution over time. Equation (1) can explain the displacement resulting from any combination of forces. For example, the displacement due to a couple acting at x 0 [Burridge and Knopoff, 1964] can be written as motion on the vertical component at location x due to M 1 located at location x 0 , in terms of equations (2) and (3), can be expressed as
wheren andê are the unit vectors along north and east, respectively; E z is the elementary seismogram recorded on the vertical component; and f n and f e are the forces along north and east, but separated along the perpendicular direction (Figure 2b ). The reciprocal version of equation (6), to be discussed in detail in section 3.1, is used to produce synthetic seismograms in this study.By substituting the equivalent linear combination for M from equation (4) into equation (3), a seismogram can be expressed as a linear combination of six elementary seismograms:
Equation (7) can be written in a more simplified matrix form for real data:
where U is the vector of observed data (displacement amplitudes from three-component seismic stations), A is the vector of six MT coefficients to be determined, and E is the matrix of elementary seismograms (with size of 6 by length of U). We use the least squares method to estimate the vector of the coefficients, A:
where A est is our estimation vector of coefficients A. The six independent components of the moment tensor can then be calculated from the estimated a i coefficients:
We assume that the earthquakes in this study are of a tectonic origin; thus, we leave out the volume component M 6 and calculate the deviatoric moment tensor, represented by the first five bases M 1 to M 5 . For this, the coefficient a 6 is set to zero and the inversion only estimates the first five coefficients. Prior to the inversion, we compute a library of elementary seismograms on a 3-D grid, with horizontal spacing of 0.2 by 0.2°and vertical spacing of 4 km, covering the study area down to 70 km depth (dashed area in Figure 1a ).The location and the time of the centroid of each earthquake are determined through a grid search as follows. For each earthquake, we run a grid search by repeating equation (9) over a selected set of nodes in the vicinity of a reference location (GCMT centroid) and a set of time shifts around the origin time (International Seismological Centre (ISC) report). The grid node and time shift that provide the highest variance reduction between the synthetics and the real data is defined as our CMT. The variance reduction was calculated using the following formula:
where U is the observed displacement, S is the synthetics, and i is the time index of each sample. The most crucial step in determining our CMT solutions is the preparation of "a library" of synthetic seismograms. We used the reciprocity theorem to precompute this library.
Using the reciprocity theorem [Eisner and Clayton, 2001] we can efficiently calculate the wavefield between the source and the receiver by calculating the Green's functions from a single receiver to all grid nodes. This way the number of calculations will be proportional to the number of utilized stations. An implementation of the reciprocal property of the wavefield has been used both in waveform tomography [e.g., Zhao et al., 2005; Chen et al., 2007] and source parameter inversion [e.g., Eisner and Clayton, 2005; Zhao et al., 2006; Lee et al., 2011] . To test the accuracy of our numerical simulations, we compared nine possible pairs of direct and reciprocal Green's functions (three forces recorded in three orthogonal directions). Seismograms due to three forces pointing north, east, and up at location A in Figure 3 , recorded on three-component seismometers located at B which is our station GIRL, versus their reciprocals show a variance reduction of 94-99%. Inaccuracies up to 6% could be due to numerical noise or reflections from different imperfect absorbing boundaries (absorbing boundaries are different for the direct and reciprocal propagations). The term G ij in equation (1) could be replaced by its reciprocal pair, G ji :
and consequently, we can rewrite the synthetic seismogram expressed in equation (6) using reciprocal Green's functions of equation (12) [Eisner and Clayton, 2001] :
and the same reciprocity properties can be applied to the other five MT bases, M 2 through M 6 . We place three orthogonal forces at each station's location and calculate the wave propagation to all grid points. Then we record the displacement at a small offset to the target grid point. This provides reciprocal seismograms to calculate the first-order numerical spatial derivatives of the displacement for any grid point (note that equation (13) accounts only for M 1 ). This approach reduces the computational time to the time it takes run to one simulation multiplied by the factor of 3 to account for all stations and components.
In an analytical solution of equation (2) the derivative with respect to d is calculated. However, we face limitations when solving an equation numerically. We ran a test to build the six basic mechanisms following equation (5), using a range of offsets (from 10 to 950 m) and calculated the variance reduction between direct and reciprocal waveforms for each offset value (marked with d in Figure 2b ). For offsets >100 m there is sufficient difference in the individual Green's functions that the numerical differentiation is stable and the variance reduction remains stable and above 90% (Figure 4 ). For the source and receiver specification in Figures 3 and 4 the plot of direct and reciprocal solutions of six elementary mechanisms where the offset is set to 100 meters shows reasonable agreement ( Figure 5 ).
After setting the offset d in equation (6) to 100 m from each grid point, we generated waves for three forces pointing north, east, and vertical (up) from each station in Figure 1 (total of 21) to 34,136 grid points (dashed area in Figure 1b ). For our 3-D model, AMSAN19, the total CPU hours, considering the memory limitations on Terrawulf and NCI clusters, was~7500. For synthetic tests and comparisons between 1-D and 3-D models we calculated the reciprocal synthetics using the spherically symmetric ak135 [Kennett et al., 1995] as well. These Figure 4 . Variance reduction between the direct and reciprocal seismograms for all six elementary bases is plotted against half of the offset (distance between the force and the grid node in the center), d, in equations (6) and (13). This is shown for (a) north-south, (b) east-west, and (c) vertical components. The black arrow marks the distance we chose in this study. Figure 5 . Reconstruction of ground motion for the six elementary seismograms for a source located at A and a receiver at B (see Figure 3 for the locations of A and B). Thick gray waveforms are calculated from source A to receiver B, and the thinner black line is made from reciprocal Green's functions as described in the text.
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1-D and 3-D synthetic waveforms were used to carry out waveform inversion with both the observed and the synthesized data from designed scenarios discussed in the following sections.
For each CMT solution we selected stations from distances of 2°-45°. We compare our solutions, henceforth referred to as continental-scale CMT (CSCMT) to the global CMT (GCMT). CSCMTs calculated using AMSAN19 (3-D model) and ak135 (1-D model) are referred to as CSCMT-3D and CSCMT-1D, respectively. In this study, for comparing two MTs (for example, CSCMT-3D and GCMT solutions), we used the definition described in Frohlich and Davis [1999] , who suggested that a 3 × 3 MT could be considered as a vector in a nine-dimensional space. Consequently, the difference between the two MTs can be seen as the angle between two vectors (in a nine-dimensional space), hereafter called ω 9D . For two pure DC MTs, ω 9D becomes zero if the mechanisms are identical and 180°if they have opposite P and T axes (e.g., reverse versus normal).
Data Processing
Raw data were corrected for instrument response, filtered using a Butterworth filter at 40-200 s period and resampled to 2 samples per second. The same filtering and resampling was applied to the synthetic seismograms. Since AMSAN19 predicts the complete waveform with reasonable accuracy at 40-200 s [Fichtner et al., 2009b , 2010], we did not limit the inversion to any specific window or wave type (P, S, or surface waves), and a full waveform (total length of 1400 s) was used in the inversion. Prior to the inversion, the quality of data was checked manually and the noisy stations or components were removed to avoid any bias from fitting the noise rather than actual signals.
Synthetic Tests
The goal of this section is to document the effect of using a 1-D layered Earth model (ak135 [Kennett et al., 1995] ) on the CMT solution. For this, we present three synthetic tests where we invert synthetic data produced using the AMSAN19 model. The first five elementary mechanisms ( Figure 2a ) were used to produce the synthetics. We also document the error that is introduced by the reciprocal waveforms. (Figure 6a ) from a source located in the Bismarck Sea at 7 km depth (yellow star on the map in Figure 6b ) to 21 stations using AMSAN19 were simulated. In the first test, we fixed the lateral location, depth, and time of the centroid to the correct value and inverted only for five independent components of the MT (deviatoric MT inversion) using both AMSAN19 and ak135. The results show up to 40% drop in DC (Figure 6b ) as well as~80% drop in variance reduction when we use ak135 as Earth model. For example, the mechanism gets distorted from strike slip toward dip slip for the first basis MT. Since this test was performed without adding noise, the differences between the inputs and the outputs are the result of heterogeneities in the 3-D model. Using reciprocal Green's functions computed for AMSAN19, we obtain similar mechanisms to the inputs, as expected. The recovered mechanisms show up to 3% non-DC component with the fault strike, dip, and rake deviating only up to 1°from the true value. These small differences are due to numerical noise and inaccuracies of reciprocal Green's functions (discussed in section 2.2 and Figures 3 and 4) . The effect of station coverage as well as using only distant stations that are more affected by the 3-D heterogeneities is tested by choosing different subsets of stations (Figures 6c and 6d ). Using only eight stations at distances larger than 24°(with poor azimuthal coverage) and AMSAN19 as Earth model, we observed up to 9% drop in DC percentage of MT as well as up to 3°difference in fault plane strike, dip, and rake, while the variance reduction remains almost the same as that for the full station coverage in Figure 6b . The recovered mechanism using ak135 is erroneous and the total variance reduction drops to below zero (Figures 6c and 6d ). The wavefield gets more distorted for longer paths through the 3-D heterogeneous structure (far stations). This plays an important role in progressively worsening the results, which is seen in Figures 6b-6d. The erroneous mechanisms here partially account for the distortion caused by the 3-D heterogeneity.
Case 2: Inversion for MT and Time for a Fixed Location (Figure 7)
In this test, we repeated the previous case including a grid search around the correct reference time. In the presence of good azimuthal coverage ( Figure 7b ) using ak135, the DC percentage increases (except for the
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first basis M 1 ) and the recovered mechanisms (strike, dip, and rake) are more similar to that of the input, compared to the previous tests. Moreover, the variance reduction increases by about 5-10%. These improvements indicate a trade-off between the correct MT components and correct time shift caused by the heterogeneities in the 3-D model. The first basis MT, M 1 , is now recovered as a strike-slip mechanism, but the DC percentage is only 17. This is a clear sign that ignoring the 3-D heterogeneity in the synthetic Green's functions can readily translate into significant spurious non-DC components even in the presence of good azimuthal coverage and a well-known location and depth for the event. Using stations at larger distances, both mechanism and DC percentage became highly inaccurate (similar to that shown in Figure 6 ). AMSAN19 provides the same results as in case 1. At periods greater than 40 s, the ground motion for a shallow source is relatively insensitive (nearly zeroamplitude seismograms) to M 2 and M 3 (vertical dip slip) and the shapes of the synthetics for the rest of the elementary basis are almost identical [Dziewonski et al., 1981] . Consequently, a good compromise for the GCMT method is to fix the depth at 12 km for the centroids that tend to become shallower than this depth.
For the final synthetic test, we performed a full spatiotemporal grid search for the CMT. Two plots through the grid search summarize the effect of incomplete Earth structure (1-D model) on location, time, mechanism, and DC%, when they are all searched together ( Figure 8 ). The recovery of centroid depth, time and Figure 6b ). Inversion is performed using ak135 and AMSAN19 models. We did not add noise to the real data, so the differences in inversion results are fully related to the heterogeneity of the 3-D model. We present the result of CMT solution through the contour plot of variance reduction for (left) depth-time and (right) horizontal location in each model for (a) 
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location (correct depth is 7 km, correct location is the center of the horizontal slice, and the correct time is zero) is shown by contouring variance reduction on a depth-time plot as well as a horizontal grid stencil at optimum depth.
When 1-D synthetics are used, M 4 and M 5 are only weakly sensitive to the depth (almost the same fit is achieved for the depths 3-21 km), whereas M 1 , M 2 , and M 3 are completely insensitive to the depth. The horizontal location has no clear peak, and instead, a large area with several local minima can be observed (with variance reduction up to 0.2). In general, there is a shift toward the north-west with maximum dislocation of 72 km (located at the edge of the stencil of grid points for M 1 and M 2 ). This indicates that the location and depth cannot always be well constrained using a 1-D Earth model, even in the presence of a reasonable azimuthal coverage.
In this test, using the 1-D synthetics, the optimum mechanisms are similar to the input mechanism (see Figures 6b and 7b for a comparison), which shows that there is a significant trade-off between the correct lateral location, depth, and time with MT components. The differences in the Green's functions and time delays stemming from the 3-D heterogeneity could also be partially compensated by a shift in the CMT location and time. 
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Using the 3-D synthetics, the time and lateral location of all elementary MTs are recovered correctly, with a strong peak in variance reduction. The depth recovery for M 1 , M 4 , and M 5 is a distinguishable peak at the correct depth, but M 2 and M 3 (vertical dip-slip mechanisms) show no depth sensitivity in the top 19 km. Figures 6 and 7 , we repeated the CMT inversion using 17 and 8 stations. With the latter case, the error in lateral location is at least 100 km and reaches 50 km in depth. The shift in the recovered centroid time is larger than 10 s.
CMT Inversions for the Papua New Guinea, Bismarck Sea, and Solomon Islands
Data from 21 permanent broadband stations (14 operated by Geoscience Australia and 7 by GSN) were used to perform CSCMT inversions of 318 events with M w~5 .0 and larger that occurred in Papua New Guinea, the Bismarck Sea, and the Solomon Islands from 2006 to 2016 (Figure 1a) . The maximum moment magnitude chosen for this study is M w 7.4. Larger events were excluded to meet the requirements of a point source approximation for a finite source. We present two events in detail to describe the effect of 3-D heterogeneity on DC percentage, depth, location, and mechanism. These events summarize our main observations for the entire data set presented in the CSCMT catalogue. About 24% of the events (78 earthquakes) in this study have DC% less than 70 in the GCMT catalogue. The MT from the GCMT catalogue for the event on 12 November 2006 18:21:30 located at the subducting New Guinea Trench has only 55% DC (Figure 9 ). We used data from 11 available broadband stations ( Figure 9b ) and two Earth models, AMSAN19 and ak135 to calculate the CSCMT-3D and CSCMT-1D.
The MT solution derived using ak135 shows similar DC (57%) but with different strike, dip, and rake angles compared to those reported by the GCMT. As expected, there is no clear optimum depth as the nodes at depth range of 10-50 km all produce similar fits to the data. The lateral location is not constrained well and the optimum centroid is located at~60 km south-east of that reported by the GCMT (Figure 9a ). In fact, an area with the size of 120 by 120 km produces more or less similar fits to the data as that of the optimum point. The optimum centroid time shows a 14 s shift relative to the hypocenter origin time (we used the same origin time as it was used by GCMT). According to empirical relations between the magnitude and the size of rupture as well as the source time function [Somerville et al., 1999; Tanioka and Ruff, 1997] we argue that this is too large for an event with M w 6.2 (reported by GCMT). Our CSCMT-1D solution estimates the moment magnitude to be 6.0. For this event, using AMSAN19, the recovered mechanism and location are similar to that of GCMT; however, the DC part of the MT is 98%. The centroid location is optimized with a strong clear peak of variance reduction at longitude 151.2°E and latitude 6.4°S. The optimum depth is located between 11 and 20 km, and the centroid time is now 1.5 s after the origin time. The overall variance reduction increases from 0.19 using ak135 to 0.61 using AMSAN19 (Figure 9c ), and moment magnitude increases by 0.1 compared to that of ak135. The angle ω 9D is 20°. Since the strike, dip, and rake of CSCMT-3D and GCMT mechanisms are very similar, ω 9D mainly represents the difference in non-DC components of the MTs.
It is evident that synthetics constructed using the 3-D model fit the observed data much better and enable us to locate the event with a localized peak of variance reduction. Moreover, the CSCMT-3D shows similar mechanisms to that of the GCMT but with 43% higher DC. This event represents a considerable portion of the events in the GCMT catalogue with significant non-DC components. In this study, we have considered events with DC <70% in the GCMT catalogue as "low DC sources," which makes a set of 78 events spread across the study region (they are not restricted to a specific location, depth, or time interval; Figure 10 ). Our CSCMT-3D solutions show a significant increase in DC% compared to that of the GCMT for 70 events. In total, our CSCMT-3D solutions show DC% >80 for 65% of the GCMT's low DC events. Another example of a significant improvement of DC% is the event 22 August 2014 14:29:50 ( Figure 10 ) with 68% increase in DC.
We observe some exceptions. A severe case is an event that occurred on 25 September 2006 07:46:30 with M w 5.4 (Figure 10 ), where the CSCMT-3D solution shows only 4% DC (GCMT reported 32% DC). This is the only event in our CSCMT-3D catalogue with DC% <40. This earthquake is an excellent candidate to be investigated as potentially being the consequence of a complex tectonic event, which is beyond the scope of this study. From our third synthetic test (Figure 8 ) we concluded that, using AMSAN19, the pure vertical dip-slip mechanisms produce similar ground motions (but still nonzero amplitude) for the depth interval 3-19 km; hence, there is little depth resolution. However, the rest of the elementary bases are recovered well for a source at 7 km depth using our station distribution. For a vertical dip-slip mechanism, CSCMT-3D still provides a reasonable recovery of the location and MT components, which allows us to perform CSCMT-3D inversions for shallow crustal sources.
Shallow Crustal Events
The event that occurred on 10 August 2009 17:46:23 has been reported with a depth of 12.0 km in the GCMT catalogue (marked as fixed depth in the catalogue) and 30.5 km in the ISC catalogue. Using 12 stations (Figure 11 ), the CSCMT-3D solution for this event reveals 95% DC and a thrust mechanism. The location is marked by a distinct peak of variance reduction at 7 km depth (variance reduction reaches 0.71 at the optimum location and time). The estimated DC of 95% represents a 25% increase in comparison to the GCMT solution. Both CSCMT-3D and GCMT estimate M w 5.7.
In our CSCMT-1D, the variance reduction in the depth range of 3-19 km varies a little (between 0.34 and 0.37), which then gradually drops to zero at 30 km depth. The constraint on horizontal location is even worse, and the optimum location is at the western edge of the numerical grid at 11 km depth (Figure 11a ). The CSCMT-1D has M w 5.6, a DC of 62%, and a reverse mechanism similar to the GCMT.
For most of the stations, the ak135 Earth model provides an acceptable variance reduction of 0.3 (note that the AMSAN19 synthetics provide significantly improved variance reduction) except for the station KAPI, where there is a significant mismatch between synthetics and real data with negative variance reduction (as low as À0.76 for BHN component). The AMSAN19 synthetics fit the data of station KAPI (the BHN component has variance reduction of 0.51) as well as other stations (Figure 11c ).
About 30% of the events in this study have depth of 12 km in the GCMT catalogue. Our CSCMT-3D solutions show centroid depths of 3-23 km for these events (Figure 12 ). Events 1 and 2 showed the impact of 3-D heterogeneity on CMT solutions that we expected already according to our synthetic tests. Event 1 clearly demonstrates that even in the presence of a poor azimuthal coverage the 3-D heterogeneous Earth model provides a distinct peak of variance reduction for depth and horizontal location of the centroid.
To show how the 3-D heterogeneity can affect the tectonic interpretations, we selected 37 events that occurred around two known tectonic settings north of Papua New Guinea (PNG) where the western edge of the BSSL [Llanes et al., 2009] meets the New Guinea Trench [Koulali et al., 2015] (Figure 13a ). In comparison with ak135, AMSAN19 increased the fit to the data by~40% (Figure 13b ).
Consequently, depths and lateral locations are identified by a distinct peak of high variance reduction, while ak135 produces a diffuse pattern with no clear peak for all 37 events. This is quite visible when we compare the locations of CSMCT-3D and CSMCT-1D (Figures 13c, 13d , and 13e). The CSCMT-1D displays such that no clear pattern can be observed for the well-known BSSL [Llanes et al., 2009] , but the CSCMT-3D reveals a similar pattern to the GCMT and to the geological evidence like high-resolution bathymetry data from Llanes et al.
[2009] (Figure 13 ). This is a significant improvement, and it argues for of using continental 3-D Figure 16 . Summary map of all 318 earthquakes analyzed in this study. Earthquakes are plotted at the newly obtained centroid locations with circles colored for centroid depth. The size is proportional to the moment magnitudes in our CSCMT-3D catalogue. The seismicity is divided into eight subregions, numbered 1 to 8, where regions 1 to 4 cover the Bismarck Sea Seismic Lineation as well as the New Guinea Trench (Figure 13 ), whereas regions 5 to 8 cover the Papua New Guinea and Solomon Islands subduction. The nodal planes of mechanisms in each subregion are plotted for two depth intervals, shallower and deeper than 20 km. These nodal planes are colored such that the strike-slip mechanisms are red, normal are blue, and reverse are black.
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heterogeneous Earth models to improve CMT solutions wherever these models and a good azimuthal coverage are present. Moreover, as seen in the cross section XX 0 (Figure 13 ), the CSCMT-3D centroids display a reasonable pattern for a subducting plate down to the depth of 30 km while the CSCMT-1D centroids are distributed in a much wider depth range of 7-50 km. An interesting observation is that the CSCMT-1D catalogue has similar mechanisms to those of GCMT, but with a strong scatter in centroid location and time and generally lower DC%.
Discussions and Conclusions
The increase in DC% of the MT was significant when we used the 3-D Earth model AMSAN19 in comparison with the 1-D Earth model ak135 for 37 events north of PNG. This increase in DC% as documented by our synthetic tests (section 3) and the examples from the observed earthquake data (Figures 9-11 , and 13) is a result of the inclusion of the 3-D heterogeneity effects.
About 81% of the events (258 out of 318) have DC >80% in the CSCMT-3D catalogue, whereas this is the case for only 58% (186 out of 318) in the GCMT catalogue ( Figure 14a ). Leaving out the exceptional event on 25 September 2006 08:46:30, mentioned above, and comparing the DC% for each event reveals several interesting points. While the GCMT catalogue displays a wide range of DC percentages, from 10 to 99, we observe DC >60% for 307 of them (white circles in Figure 14b ), which indicates a significantly less scattered DC%. Second, there are only 11 events with DC% <60 in the CSCMT-3D catalogue, where two of them show an increase in DC% compared to GCMT (light gray circles in Figure 14b ). The remaining nine events marked with black and dark gray circles in Figure 14b constitute only 3% of the entire data set.
The 3-D heterogeneity is not the only parameter affecting the DC%. One plausible reason for spurious DC components is a higher noise level on teleseismic records used in the GCMT inversion, particularly for the events with M w < 5.5. The difference in DC% of the two data sets with respect to moment magnitude shows a higher discrepancy for smaller events (Figure 15a ). Another possible reason affecting the discrepancy in DC component percent between the two catalogues is the different depth to the centroids. Our solutions reveal shallower depths for the events which are fixed to 12.0 km in the GCMT catalogue (Figure 15b) . The difference in DC% is relatively higher for all shallow events and relatively lower for deeper events, where the agreement between the centroid depth of CSCMT-3D and GCMT catalogue increases (Figure 15b ).
The only parameter in our CSCMT-3D solutions that remains relatively similar to that of GCMT catalogue is the moment magnitude (Figure 15a ). The CSCMT-1D displays lower moment magnitudes in most cases, which is due to the relatively lower amplitude of the synthetics. The non-DC part of the MT is not the only component that is affected by the 3-D heterogeneity. For example, event 2 (line 112 in Table 1 ; also described in section 4.2) and several other events shown in Figures 11 and 13 have different strike, dip, and rake angles compared to those of the GCMT. To make a comparison between MT components in the CSCMT-3D and GCMT catalogues more complete, we calculated the angle ω 9D as described in section 2.1 for all 318 earthquakes. The maximum discrepancy between MT components of CSCMT-3D and GCMT (up to ω 9D = 100°) occurs for shallow depths of 3-11 km and moment magnitude <6.0. We infer that depth and magnitude are the two main parameters that seem to control the differences in MT components. At shallow depths (<30 km) and for events with M w < 5.5, we observed a significant difference in MT components between CSCMT-3D and GCMT catalogues. We infer that these differences as well as DC percentage are mainly due to neglecting the 3-D heterogeneity of the Earth, elevated noise levels on teleseismic distant stations, significant contribution of information from surface waves for small events, and the shallowest possible depth limit of 12 km in the GCMT catalogue.
The CSCMT-3D catalogue reveals a significant improvement in comparison with the CSCMT-1D solutions for a selected subset of 37 events at the junction of the BSSL and the New Guinea Trench. While the scatter in CSCMT-1D locations is significant, the CSCMT-3D solutions followed the well-known seismic line with documented bathymetry lineaments [Llanes et al., 2009] . The depths reported in CSCMT-3D show significant improvement; e.g., the New Guinea Trench can be observed as a shallow subduction down to the depth range of 25-30 km [Tregoning and Gorbatov, 2004] .
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This proves the capability of using a 3-D velocity model at continental scale to improve the depth and location recovery for shallow events, which increases the chance for better tectonic interpretations and hazard assessments.
The CSCMT-3D catalogue has the potential to bring new insights into tectonic interpretations of the region (Figure 16 ). The overall centroid locations follow the observable surface tectonic features. The centroid depths show shallow seismicity at the BSSL, but a gradual increase in depth along the subduction at the New Guinea trench and Solomon Islands (note the darker colors for deeper earthquakes in Figure 16 ).
To illustrate the mechanisms, we divide the catalogue into eight subregions, numbered 1 to 8, and in each subregion, we plot the nodal planes on top of each other, with color codes of red for strike slip, black for reverse and blue for normal. The first four cover the New Guinea Trench and BSSL. With only two events deeper than 20 km, most of the seismicity along BSSL is within the top 20 km, where the strike-slip mechanisms on north and north-east dipping plates are dominant. At the New Guinea Trench, except few events with normal mechanism, the rest are thrust faults dipping south-west.
Subregions 5 to 8 cover four segments of the highly active megathrust subduction along the New Guinea Trench and Solomon Islands (Figure 16 ). Here the seismicity extends deeper along the subducting plate. An interesting common feature is the low dip angle of the thrust faults for events shallower than 20 km, while the strike of the dipping plate changes from north at region 5 to north-west at region 6 and north-east at regions 7 and 8. At regions 5, 6, and 7 the deeper events with reverse mechanism have higher dip angle of~45°, indicating that the subducting plate becomes steeper as it subducts. Region 8 that encompasses Solomon Islands seems to have significantly lower seismicity below depth 20 km with only a single earthquake.
We have not yet started utilizing structural 3-D models on the global scale for a determination of source parameters. However, with increasing computational power and quality of seismic data sets, we should soon move to this mode. The results presented here strongly argue that this is an inevitable direction forward in our pursuit to better understand earthquake generation and its relationship with tectonics.
